The four methyl-accepting chemotaxis proteins of Escherichia coli, often called transducers, are transmembrane receptor proteins that exhibit substantial identity among the sequences of their cytoplasmic domains.
probe a wide range of bacterial species for the presence of antigenically related proteins. Such proteins were detected in over 20 different species, representing 6 of the 11 eubacterial phyla defined by analysis of rRNA sequences as well as one archaebacterial group. Species containing proteins antigenically related to the transducers of E. coli included members of all four subdivisions of the phylum in which E. coli is placed, members of four of the six subdivisions of spirochetes, and two gliding bacteria. These observations provide substantial support for the notion that methyl-accepting taxis proteins are widely distributed among the diversity of bacterial species.
Transducers are transmembrane receptor proteins that are central components of the chemotactic system of Escherichia coli and Salmonella typhimurium. Information about their structure and function can be found in several recent reviews (4, 15, 16) . The proteins transduce ligand recognition by the periplasmic domain into control of a specific protein kinase by the cytoplasmic domain. Sensory adaptation is mediated by methylation of transducer proteins at several glutamyl residues in the cytoplasmic domain. For this reason, transducers are often called methyl-accepting chemotaxis proteins. There are four transducer genes in E. coli, each coding for a 60,000-Da polypeptide containing a periplasmic, ligand-binding domain, a cytoplasmic, signalling domain, and two transmembrane segments. Alignments of the four deduced transducer sequences reveals common placement of the two transmembrane segments, of two clusters of residues in the periplasmic domain involved in ligand binding, and of conserved residues involved in methylation and signalling in the cytoplasmic domain. Only a few positions in the aligned sequences contain identical residues in the periplasmic and transmembrane domains. In contrast, there is almost 60% identity among the four sequences over approximately 300 residues of the carboxy-terminal cytoplasmic domain. Thus, antiserum raised to one transducer recognizes the other transducers, even if the immunogen is Trg, the most distantly related of the four (12) .
Methyl-accepting taxis proteins are not limited to E. coli. They have been identified in a number of species including Bacillus subtilis (29) , Spirochaeta aurantia (18) , Pseudomonas aeruginosa (8) , Caulobacter crescentus (26) , a thermophilic strain, PS-3 (17) , Rhodospirillum rubrum (27) , Agrobacterium tumefaciens (25) , Pseudomonas putida (14) , with features of a transducer. Over the past several years, we have examined a range of bacterial species by immunoblotting using antiserum raised to highly purified Trg. This report summarizes the results of those experiments.
MATERIALS AND METHODS
Bacteria strains. The strains used in this study are described in Table 1 . Samples of cultures, pelleted cells, pellets suspended in 10 mM Tris-150 mM NaCl (pH 7.4) at high cell density, and frozen cells received from elsewhere were all stored at -70°C before analysis.
Antiserum. Anti-Trg serum was raised in a New Zealand White rabbit by an initial intramuscular injection of 100 ,ug of purified Trg (6) with Freund's complete adjuvant, followed at approximately 3-week intervals by injections of 100 Pg of Trg, the first two intramuscularly with Freund's incomplete adjuvant and the third intravenously. All the data shown in this study were obtained by using serum collected 1 week after the third or fourth injection, although similar results have been obtained with anti-Trg sera from other rabbits. Dilution experiments with purified Trg indicated that the latter serum was sensitive enough to detect the protein at a level of five molecules per cell in immunoblots of samples of approximately 108 cells (40 ,ug of cellular protein) in which 4-chloro-1-naphthol was used as the color reagent.
Sample preparation. Cell suspensions treated with approximately 7.5% trichloroacetic acid were incubated on ice for 60 min and then centrifuged at maximum speed in an Eppendorf Microfuge (model 5415) for 15 min at 4°C. Pre- 3) , which contains wild-type amounts at all four transducers, and E. coli CP594 (lanes 2 and 4), which is derived from OW1 but lacks all transducers. Complexes of antigen-anti-Trg-peroxidase-linked second antibody were detected by using the chromogenic substrate 4-chloro-1-naphthol (lanes 1 and 2) or a chemiluminescence substrate (lanes 3 and 4). Positions of prestained markers for apparent Mr are marked on the left and labeled in kilodaltons.
the array of transducer bands representing Tsr, Tar, Trg, and, we presume, Tap. Of course, such specificity required an appropriate balance of parameters. Particularly important was the balance among the amount of cellular material, the dilution of the anti-Trg serum, and the time of incubation of the blot with the serum. For our best serum, this balance could be achieved without additional treatment of the serum; for others, it required prior absorption with membrane derived from the mutant strain lacking transducers. The most troublesome nonspecific reaction was with a band of approximately 60 kDa that migrated at the lower end of the transducer pattern shown in Fig. 1 . This band was recognized by sera obtained from several rabbits before injection of any Trg protein as well as from some rabbits, during the course of immunization, that had previously yielded sera unreactive to this protein. In both situations, we suspect that a bacterial infection resulted in substantial antibody titers to a protein antigenically related to one in E. coli. In any case, the data presented here represent experimental conditions in which there was no significant reaction of the antiserum with proteins from the E. coli mutant lacking transducers.
Probing other species for transducer-like proteins. Using the conditions described above, we tested other bacterial species for proteins immunologically related to the methylaccepting transducers of E. coli. Figure 2 shows the results of analysis by immunoblotting of proteins from a variety of species, some relatively closely related to E. coli and others more distantly related. Three species served as positive controls. Deduced sequences of a transducer from S. typhimurium (24) and two from Enterbacter aerogenes (9) reveal proteins of similar sizes (approximately 60 kDa) and with substantial numbers of amino acid identities to the transducers of E. coli. Specific and intense staining in these two species of protein bands of approximately the same Mr as the transducers of E. coli (Fig. 2, lanes 2 and 3) provided a good indication that the immunoblotting procedure had a useful level of sensitivity and specificity. Previous work from our laboratory demonstrated that methyl-accepting chemotaxis proteins of approximately 70 to 75 kDa from B. subtilis were immunoprecipitated by anti-Trg (23). These same proteins were specifically detected in immunoblots (Fig. 2, lane 8) . immune serum, a pattern also observed for other species tested.
The multiplicity of bands recognized by the antiserum in E. coli reflects both the presence of four different transducers and the electrophoretic heterogeneity produced by covalent modification of these proteins (5, 7, 10, 11). For example, methylation at four of the five methyl-accepting sites on Trg causes a distinct increase in electrophoretic mobility in SDS-polyacrylamide electrophoresis, equivalent to a difference of 0.5 to 1 kDa in apparent Mr (21, 22) . The multiple bands recognized by anti-Trg serum in other species could reflect one or both of these situations.
For lanes 1 to 8 of Fig. 2 , the samples were extracts from approximately equivalent amounts of whole cells. The intensity of staining for the species in lanes 2 to 6 was comparable to that observed for E. coli (lane 1), a pattern consistent with the close phylogenetic relationship among these bacteria, whereas the species in lanes 7 and 8, more distantly related to E. coli, exhibited lower levels of staining. Such a correlation would be expected in general but not necessarily in all cases, since the intensity of staining would also be influenced by the cellular content of transducers and by chance conservation of predominant epitopes recognized by the anti-Trg antibodies. For many species tested by immunoblotting of extracts of whole cells, we also tested fractions of soluble and particulate material obtained from broken cells by high-speed centrifugation. If antigenically related proteins from other species shared the transmembrane nature of the E. coli transducers, then they would be found in the particulate fraction. This was the case for all species tested (Table  2) . For species in which reaction with anti-Trg serum was relatively weak, analysis of the membrane-containing fraction provided an increase in sensitivity, since up to fivefold more cellular material could be loaded in a single gel lane without causing serious deformation of the patterns. Such membrane-containing fractions are shown in Fig. 2 , lanes 9 to 18. An example of the increased sensitivity is illustrated by comparing staining of a whole-cell extract of B. subtilis (Fig. 2, lane 8) with staining of the membrane-containing fraction of fourfold more cells (lane 17). Only one band is visible in the whole-cell material, whereas a second band becomes apparent in the membrane-containing fraction. An alternative way to increase the visibility of faintly stained bands was to use chemiluminescence instead of 4-chloro-1-naphthol to detect activity of the peroxidase enzyme attached to the secondary antibody. Such analysis is presented in Fig. 4 . By varying the time of exposure of film in the chemiluminescence procedure, it was possible to find conditions in which the intensity of such bands was substantially enhanced without generating labeling of bands unrelated to transducer-specific recognition. For instance, compare the band from A. tumefaciens, only faintly visible by chemical staining (Fig. 2, lane 10 (Fig. 4, lane 1) . The disadvantage of the procedure was that the intensity of exposure did not necessarily reflect the extent of antibody reaction. Control experiments with measured amounts of Trg showed a very narrow range of linear relationship between the amount of antigen and the intensity of the band on the film. Thus, the intensities of the bands are unlikely to reflect the degree of antigenic relationship.
A combination of these approaches was used to probe cellular material from a substantial number of bacterial species, some of which were cultured in this laboratory, others of which were sent to us in the form of frozen cell pellets or pellets of trichloroacetic acid-precipitated material. The cultures we grew were monitored for motility, and in cases in which motility was initially poor for species known to be motile, soft agar swarm plates containing an appropriate nutrient medium were used to select for better motility. Thus, the strains we grew were producing the motility apparatus and presumably the components of their sensory system that control motility. Figures 2 and 4 show examples of all species for which anti-Trg recognized specific polypeptides and one example of a species in which no significant reaction was detected. Positions of protein standards are indicated at the left-hand margin of Fig. 2 , corresponding to the specific gel from which lanes 1 to 8 of Fig. 2 were derived. For other segments of Fig. 2 and 4 , positions of two relevant standards are marked, the 61-kDa position of unmodified Trg protein and the 73-kDa position of the uppermost methyl-accepting band of B. subtilis. Since we found prestained markers unreliable for our immunoblots, we included those two standards, both recognized by antiTrg, on most blots. Table 2 summarizes our results and two previously published observations of antigenic relatedness between the E. coli transducers and chemotaxis proteins from other species. The table is organized according the phylogenetic tree determined from comparisons of rRNA sequences (30) and shows that the species tested represent a sampling of many kinds of eubacteria and a few archaebacteria.
Consideration of particular species. Certain aspects of the results merit specific comment. As noted above, several enteric species exhibited an array of bands recognized by anti-Trg antibodies. The closely related, but nonmotile, strain Kiebsiella pneumoniae did not contain detectable cross-reacting bands ( Table 2 ), implying that the transducer genes identified in the organism (9) are not expressed to a significant extent. Among the Pseudomonas species, methyl-accepting chemotaxis proteins had been previously identified in P. aeruginosa as bands of apparent molecular mass between 65,000 and 70,000 Da (8) . Although bands in approximately this range reacted with anti-Trg antibodies to a substantial extent in samples of P. fluorescens (Fig. 2, lane  16) and to a just detectable extent for P. aureofaciens (Fig.  2, lane 15) , distinct bands were not visible in samples of two different strains (Table 1) of P. aeruginosa (Table 2 ). It may be that the lack of reactivity in P. aeruginosa reflects alteration of crucial antigenic determinants in the methylaccepting proteins, a lower cellular content of the proteins than in related species, degradation of protein in stored cells, or some combination of these factors. The lower apparent molecular weight of bands recognized in samples ofP. facilis may reflect slightly smaller proteins in that species, but it is also possible that degradation might have occurred in this material, which was stored for some time before analysis. The same consideration applies to cells of Alcaligenes eutrophus and may be relevant to the patterns observed for Leptonema illini and Leptospira interrogans. Proteolysis was a particular concern for the two Bacillus species. Efficient lysis required incubation with lysozyme and then sonic disruption. In carefully prepared fresh samples of B. subtilis, anti-Trg recognized the 73-kDa bands seen in Fig. 2 , lanes 8 and 17. These same bands were recognized in membrane samples provided by G. W. Ordal (University of Illinois) and correspond to methyl-accepting chemotaxis proteins characterized in this species (29) . In other samples, the amount of cross-reacting 73-kDa bands was reduced and additional cross-reacting bands appeared, a prominent one at 61 kDa and some minor ones of intermediate and smaller size. The 61-kDa band comigrated with the band shown in the pattern for B. megaterium (Fig. 4, lane 2) . It may be that the 60-kDa band in B. megaterium represents intact protein, but our experience with material from B. subtilis introduces the possibility of proteolytic clipping. For A. tumefaciens and R meliloti, relatively faint reactions detected by chromogenic staining (Fig. 2, lanes 10 and 11) were confirmed by chemiluminescence (Fig. 4, lane 1, and Fig. 5 ). Although not shown, a similar increased reaction with chemiluminescence confirmed recognition of the doublet band observed for the cyanobacterium Synechocystis species (Fig. 2, lane 13) . Chemiluminescence also made visible recognition by antiTrg of specific proteins from several different spirochetes including the methyl-accepting protein of Spirochaeta aurantia (Fig. 4, lane 5) , previously shown to be recognized specifically by anti-Trg antibodies (23) .
Sockett and coworkers (27) (Fig. 2, lane 14) , yet migrate at substantially higher apparent molecular masses than cross-reacting proteins in other species. In a detailed study, these crossreacting proteins were shown to be the methyl-accepting taxis proteins of that archaebacterial species (1) . The other example is R meliloti, a species grouped in the same bacterial phylum as E. coli, but for which cross-reacting bands were relatively faint (Fig. 2, lane 11) . Analysis of methyl-3H-labeled protein by fluorography and immunoblotting utilizing chemiluminescence (Fig. 5) revealed that the anti-Trg antibodies recognized methyl-accepting proteins of R. meliloti. Three different strains were tested by immunoblotting (Fig. 5, lanes 1 to 3) . The Conclusions. This study provides substantial support for the notion that methyl-accepting taxis proteins are widely distributed among the diversity of bacterial species. We detected proteins antigenically related to the chemotactic transducers of E. coli in members of 6 of the 11 eubacterial phyla defined by analysis of rRNA sequences (30) and in one archaebacterium. Eubacterial species with antigenically related proteins included members of all four subdivisions of the proteobacteria, a phylum that contains many commonly studied bacteria, and members of four of the six subdivisions of spirochetes. The antigenically related proteins are likely to be methyl-accepting taxis proteins. In some cases, methyl-accepting activity and a role in taxis has been demonstrated. Particularly interesting is the detection of transducer-related proteins in gliding bacteria. McBride et al. (19) and McCleary et al. (20) have already characterized a methylaccepting protein related to chemotactic transducers in the gliding bacterium M. xanthus. Detection of proteins antigenically related to proteins in two other taxonomically distant gliding bacteria, one a cyanobacterium, the other a member of the green nonsulfur group, implies that transducers may be involved generally in sensory control of gliding motility as well as of flagellar motility. As for any study like this one, negative results are not definitive. Cells for which anti-Trg did not recognize specific polypeptides may contain methylaccepting proteins at too low a cellular content or lacking crucial antigenic determinants. Testing additional species might well reveal that putative methyl-accepting taxis proteins occur in more taxonomic groupings than the ones identified in this study. In any case, we hope this work will encourage characterization of taxis proteins among the diversity of bacteria. 
